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and comparable, albeit slightly smaller, to those of 1 QD] = 144 
and \E] = 5.0 G). Furthermore, the spectrum measured at 100 
K shows the fine structure also in the central signal. The \D] value 
is ca. 5 G.29 The intensity of the triplet signals gradually decreases 
if the temperature is lowered from 293 to 50 K, obviously implying 
that the triplet state is thermally accessible. The temperature 
dependence of the signal intensity obeys an equation of / = 
WbMB¥[l(l + I)][3WU + 73exp(A£/W)!], where /is the triplet 
signal intensity, JVb the amount of biradical, MB the Bohr magneton, 
k the Boltzmann constant, and AE the energy gap between the 
singlet and the higher triplet. AE was estimated to be ca. 1.3 
kcal/mol. On the other hand, the intensity of the central signal 
increased with lowering the temperature from 293 to 130 K and 
then reversely decreased in the temperature range lower than 130 
K. According to an equation relating the signal intensity with 
temperature for a thermally-accessible triplet contaminated with 
an impurity monoradical, / = N^fi^g2^ / 2(\ + 1J1)IZkT] + 
AWs2UU + U]/[3*7U + 7j«p(AE/*7)}] (Nm, monoradical 
amount), and by counting the exact spin amount of the signal with 
a reference TANOL, both Nb and AE were determined to be 3.9 
X 1020 molecules/mol and ca. 0.5 kcal/mol, respectively. This 
thermally-accessible triplet has a smaller AE value compared with 
that of the triplet first described, suggesting a weaker spin-spin 
interaction. The observed A^ value indicates an unusually large 
biradical contribution of 0.07% to the ground state of 2.30 This 
molecule is unique as a closed-shell system. Indeed, two different 
spin-spin interactions occur in the single microcrystallines of 2: 
one is the strong interaction with AE = ca. 1.3 kcal/mol, \D] = 
93, and \E] = 7.4 G, and the other one is comparatively weaker 
(AE = ca. 0.5 kcal/mol and \D] = ca. 5 G). It is concluded that 
the interactions are inter- and intramolecular, respectively, in view 
of the observation of only the \D] = ca. 5 G triplet resonance 
signals in a polycrystalline sample of 2, which is obtained by 
recrystallization from CHCl3/n-hexane. In order to support this 
conclusion, the distance (R) between the two spins in interaction 
was roughly calculated from the observed \D] value by using a 
point-dipole approximation, R = {3/2(^MB/I^)1))1/'3

 and comparing 
with that obtained by the X-ray structure analysis. The R values 
corresponding to \D] = 93 and ca. 5 G, are 6.7 and ca. 17.7 A, 
respectively. The calculated values are consistent with the adjacent 
O-O distance (7.29 A) between the two neighboring molecules 
and with the long-axis distance (15.54 A) in the molecule, re
spectively. 

The experimental evidence presented here is apropos to the 
interpretation of the ESR results of 1. Since 1 has almost the 
same long-axis distance as 2, the fine structure due to the in
teraction between the two spins residing in the molecule should 
be hidden under the strong monoradical signal of the impurity. 
Consequently, the triplet resonance signals with a splitting of 288 
G can be considered to be caused by the spin-spin interaction 
between the two neighboring molecules of 1. The fact that the 
signals appeared in the polycrystalline sample, but not in single 
crystals (contrary to 2), reflects the necessity of molecular stacking 
to make significant intermolecular spin-spin interactions. 
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(29) The \E] value could not be determined because of overlap between 
the triplet resonance signals and the impurity monoradical signal. 

(30) The degree of biradical contribution to the ground state is unusually 
large, considering that the biradical is in an electronically-excited singlet state 
and its thermally-accessible triplet state lies ca. 0.5 kcal/mol above. 
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Oligonucleotides that specifically recognize messenger RNA2"6 

or double-stranded DNA present unique opportunities for in
hibiting protein synthesis (the antisense approach) or for modu
lating gene expression, e.g., via triple helix formation.7,8 

The deoxyribose phosphate backbone of DNA has been mod
ified in a number of ways to increase nuclease stability and cell 
membrane permeability, assuming that major changes would be 
deleterious to the "DNA hybridization properties". Consequently, 
derivatives such as mono-9,10 or dithiophosphates,11 methyl 
phosphonates,12 borano phosphates,13 etc.,4 as well as formacetal,14 

carbamate,15'16 and siloxane,17 or dimethylenethio-, -sulfoxido-, 
and -sulfono-linked18'19 species were prepared. 

The synthesis of peptides is more versatile than oligonucleotide 
synthesis, allowing the facile design of an achiral backbone and 
relatively large-scale production. We therefore designed peptide 
nucleic acids (PNA), i.e., molecules where the individual nu-
cleobases were linked to an achiral peptide backbone. 

A suitable distance between nucleobases was estimated by 
detaching the backbone of one strand in a B-DNA duplex in a 
computer model and replacing it with amino acid units. The 
optimal number of bonds between the nucleobases was found to 
be six, which corresponds to that found in DNA (1, Scheme I), 
and the optimal number of bonds between the backbone and 
nucleobase to be two to three. This indicated that a backbone 
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Scheme I. Schematic Comparison of DNA (1) and PNA (2)" 
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reflux 10 min. (iii) PfpOH, DCC in DMF, 
(CHj)2NHCH2CO2H,29 Et3N in DMF, 1 h. 

(ii) Aqueous NaOH 
3 h. (iv) BocNH-

consisting of (2-aminoethyl)glycine units and nucleobase at
tachments via methylenecarbonyl linkers could be used (2, Scheme 
I). Such a backbone would be homomorphous with the deoxy-
ribose phosphate backbone of DNA with a high degree of con
strained conformational flexibility due to the two amido groups 
per unit. Thymine was chosen as the nucleobase since it has no 
exocyclic amino group which might need protection. However, 
the design should allow relatively simple expansion into the other 
natural nucleobases as well as to other ligands of interest. 

The preparation of the Boc-protected pentafluorophenyl ester 
of the thyminyl monomer (Boc-Taeg-OPfp, 3) is outlined in 
Scheme II, and the PNAs are synthesized by Merrifield's solid-
phase approach20,21 employing a single-coupling protocol with 0.1 
M Boc-Taeg-OPfp in 30% (v/v) DMF in CH2Cl2. To obtain 
C-terminal amides, the protected PNAs were assembled on a 
(4-methylbenzhydryl)amine resin (initially loaded with 0.28 mmol 
of Boc-L-Lys(ClZ) per gram resin).22 The progress of the PNA 
synthesis was monitored throughout by quantitative ninhydrin 
analysis,23 which showed that all couplings proceeded with an 
efficiency of £99%, except for coupling number 9 which gave 94%. 
The free PNAs were released from the resin with anhydrous HF 
under standard conditions. 

The lysine included at the C-terminal diminished PNA self-
aggregation and allowed the determination of overall efficiency 

(20) Merrifield, R. B. J. Am. Chem. Soc. 1963, 85, 2149-2154. 
(21) Merrifield, B. Science 1986, 232, 341-347. 
(22) Pietta, P. G.; Marshall, G. R. /. Chem. Soc. D 1970, 650-651. 
(23) Sarin, V. K.; Kent, S. B. H.; Tarn, J. P.; Merrifield, R. B. Anal. 

Biochem. 1981, 117, 147. 

PNA 

H-T6-LyS-NH2 (2a) 
H-T8-LyS-NH2 (2b) 
H-T10-LyS-NH2 (2c) 
H-T10-LyS-NH2 (2c) 
H-T10-LyS-NH2 (2c) 
H-T10-LyS-NH2 (2c) 
H-T10-LyS-NH2 (2c) 
Acr-T10-Lys-NH2 

DNA 

(dA)6 

(dA), 
(dA)10 

("JA)10 

CdA)10 

(dA)5(dG)(dA)4 

(dA)2(dG)(dA)2(dG)(dA)4 

OiA)10 

y a 
1 m 

31 
52 
72^ (a) 
72» 
7 3 c 

59* (b) 
46 ' (c) 
86 

"The melting temperatures of the hybrids were determined on a 
Gilford Response apparatus. The following extinction coefficients were 
used; A, 15.4, T, 8.8, and G, 11.7 rnL/timoX-cm for both normal de-
oxyoligonucleotides and PNA. The solutions were 10 mM in phos
phate, 10 mM in MgCl2, 140 mM in NaCl, and pH 7.4, unless other
wise stated. 0.3 OD260/mL of 2c (for 2b 0.24 OD260/mL and for 2a 
0.18 OD260/mL) was hybridized with 1 equiv of the other strand (using 
the extinction coefficients above for both PNA and DNA) by heating 
to 90 0C for 5 min, cooling to room temperature, and storing for 30 
min followed by storage at 5 °C for at least 30 min. The melting 
curves were recorded in steps of 0.5 °C/min. The Tm values were de
termined from the maximum of the first derivative of the plot of /4260 
versus temperature. 6O mM MgCl2, 0 mM NaCl. c0 mM MgCl2, 500 
mM NaCl. d The melting curves for a, b, and c are shown in Figure 1. 

Normalized 
Absorbance 

Temperature 
Figure 1. Melting curves of the H-T10-LyS-NH2 (2c)/(dA)10 (a), H-
T10-LyS-NH2 (2c)/(dA)5(dG)(dA)4 (b), and H-T10-LyS-NH2 (2c)/ 
(dA)2(dG)(dA)2(dG)(dA)4 (c) hybrids. 

by amino acid analysis. The H-T10-LyS-NH2 (2c) is readily soluble 
in water: more than 5 mg/mL. 

Other ligands are easily attached to the N-terminal. Thus, the 
photonuclease/intercalator ligand 6-[[[9-[[6-(4-nitrobenz-
amido)hexyl] amino] acridin-4-yl] carbonyl] amino] hexanoyl24 was 
inserted at the N-terminal via its Pfp ester in >95% yield to give 
2d. The oligomers were all purified by HPLC and shown to have 
the expected molecular mass by plasma desorption mass spec
trometry. 

The PNA-DNA binding was examined by Tm measurements 
(Table I), giving well-defined melting curves (Figure 1) with Tm 

values much higher than those of the corresponding DNA/DNA 
duplexes and a relationship between Tm and length showing a ATm 

of ~ 10 0 C per molecular unit. 
These results show that base stacking takes place and strongly 

indicate that PNA forms hybrids with complementary DNA. This 
should result in lower Tm values for DNA containing mismatches, 
which also turned out to be the case (Table I). The observation 
that the Acr-T10-Lys-NH2 (2d)/(dA) )0 melts even higher than 
the corresponding H-T10-LyS-NH2 (2c)/(dA)10 indicates that the 
acridine intercalates between base pairs or is stacked at the end. 
The linear increase of Tm with length indicates that the electro
static contribution from the positive charges to the binding is of 
minor importance (note that H-Tn-LyS-NH2 is positively charged 

(24) Egholm, M.; Christensen, L.; Nielsen, P. E.; Buchardt, O. Manu
script in preparation. 
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at both terminals at neutral pH; cf. Scheme I). As expected, the 
Tm values for PNA/DNA hybrids were little affected by changes 
in ionic strength (Table I). 

The stoichiometry was determined by UV-titration curves to 
be 2:1 (2 PNA: 1 DNA), as expected for a nonionic oligothymine 
derivative.25"27 

By extending our findings to other nucleobases, a study that 
is currently under way, it may be possible to design reagents which 
recognize any sequence in single- or double-stranded DNA.28 
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Quantum mechanical theories of nonradiative transitions such 
as electron transfer (ET), nonradiative excited-state decay, and 
triplet-triplet (exchange) electronic energy transfer (EnT) predict 
that when the process is strongly exothermic, the rate will increase 
as the driving force decreases.1"4 This "inverted" rate-driving 
force dependence has been well-established for nonradiative ex
cited-state decay and for both inter- and intramolecular ET.5"14 

By contrast, relatively few examples exist which provide clear 

logkq 

EnT 

Figure 1. Plot of feq vs A£E„T for the series of (b)ReAn complexes in 
2-methyltetrahydrofuran solution at 298 K (1 = tmb, 2 = dmb, 3 = bpy, 
4 = 4-dab, 5 = 5-dab, 6 = deb, 7 = bpz). A£EnT values were determined 
using the expression given in footnote 21. Error bars on k. are estimated 
as ±15%. The solid line was calculated using eq 2 with the parameters 
listed in the text. 

evidence for the inverted effect for EnT.15'16 

Series of d6 transition-metal complexes with metal-to-ligand 
charge transfer (MLCT) excited states afford unique opportunities 
to study thermodynamic-kinetic relationships for ET and non
radiative excited-state decay.5,6'9'11,17 This is because the energy 
of the MLCT state (£MLCT)

 c a n De readily tuned by varying 
ligands; and by using a series of structurally related ligands, 
electronic coupling terms are not strongly perturbed.5,6 We have 
recently applied this technique to study EnT from the dir (Re) 
-* 7r* (diimine) MLCT chromophore to the anthracene (An) 
chromophore in the series of complexes (b)ReAn.18 In these 
"bichromophores", the MLCT excited state of the (b)Re'(CO)3 
donor undergoes strongly exothermic EnT to the lowest triplet state 
of the An acceptor via the Dexter exchange mechanism." The 
results of this study provide clear evidence for an inverted de
pendence of the rate of EnT (kEnT) °n ^Em-

fec-(b)Rel(CO)3-N^-CH2-^^ fec-(b)Re'(CO)3-N^-CH 

(b)ReB (b)ReAn 

Photoexcitation of the (b)Re(CO)3 chromophore in the near-UV 
region populates diimine-based '(ir,ir*) and 1MLCT excited states 
which relax rapidly (k > 1011 s"1) with unit quantum efficiency 
to the luminescent 3MLCT state.20 Strong, relatively long-lived 
MLCT luminescence is observed from each of the (b)ReB model 
complexes which do not contain the An chromophore. By contrast, 
only very weak, short-lived MLCT emission is observed from the 
(b)ReAn complexes. The dominant mode for MLCT quenching 
is EnT: 
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*[(b-)Re"(CO)3Py]CH2An 

(b)Re'(CO)3PyCH2[
3(An)]* (1) 

That MLCT quenching is due principally to intramolecular EnT 
is supported by several lines of evidence. First, EnT is strongly 
to moderately exothermic for each complex.21 Second, competitive 
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where £T(An) is the energy of 3An* and £ M L C T >S defined in the text. £T(A.n) 
= 1.79 eV (ref 26), and the £MLCT values were determined from emission 
spectra of the (b)ReB complexes as described in ref 6. 
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